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Considerable improvement of a transient two-beam coupling gain is reported for Sn2P2S6, a photorefractive
crystal that possesses two types of movable charge carrier. A gain enhancement occurs if the phase differ-
ence of the interacting beams is abruptly changed to �. Enhancement is also achieved with periodic phase
variations of zero and � between two discrete states at modulation frequencies lower than the smallest of
two reciprocal characteristic times of the space-charge formation. © 2007 Optical Society of America

OCIS codes: 160.5320, 190.5330, 190.7070.
The presence of secondary charge carriers in crystals
usually inhibits the steady-state photorefractive re-
sponse. Whatever the origin (thermally excited or
photoexcited, electrons–holes, or moving ions) the
secondary charges tend to compensate for the space-
charge grating created by the principal photoexcited
carriers. This results in a reduction of the overall
space-charge field and therefore in a smaller index
modulation via the Pockels effect [1,2].

The undesirable effect of grating compensation can
be overcome if frequency detuning is introduced in
one of two interacting waves. The slow-response grat-
ing is more strongly affected by the fringe motion
than is the fast-response grating; therefore it is pos-
sible to find an appropriate detuning where the slow
grating is practically suppressed while the fast grat-
ing still has nearly the same amplitude as in the de-
generate case. This technique of gain enhancement
was successfully used in Ref. [3] with Sn2P2S6, the
photorefractive crystal that ensures large gain
�10 cm−1� and a millisecond response time [2].

The space-charge gratings formed by the carriers
of different signs are most often � shifted with re-
spect to each other, which explains the inhibition of
the photorefractive response. The exception to this
rule is so-called temperature-intensity resonance in
semiconductors [4], where quite large electric fields
partially destroy the unfavorable, out-of-phase super-
position of the space-charge gratings. A steady-state
gain factor of up to 11 cm−1 has been achieved with
this technique in InP:Fe.

We present in this Letter experimental evidence of
a transient in-phase superposition of the space-
charge gratings that becomes possible after an
abrupt change of the phase difference between the in-
teracting waves to �. The transient gain that occurs
after the steplike phase modulation appears to be
higher as compared with not only the steady-state
gain in the degenerate case, but also the steady-state
gain at optimized frequency detuning.

To measure the two-beam coupling gain the stan-
dard transmission grating geometry is used. Two

beams from a He–Ne laser �633 nm�, polarized in the
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plane of incidence, impinge upon the Z-cut Sn2P2S6
crystal so that the fringe wave vector is aligned along
the OX axis. The signal-to-pump intensity ratio is
1:20,000. The nominally undoped sample K3 (with
thickness l=9 mm) reveals the pronounced competi-
tion of two out-of-phase gratings in beam coupling
dynamics: with the pump wave switched on at t=0,
the output intensity of the signal wave increases
more than 250 times within several milliseconds and
then decreases with a much slower rate. This behav-
ior is shown as a first peak (time t up to 75 s) in
Fig. 1.

At t=75 s, when the steady-state is practically es-
tablished, the phase shift � is introduced in the input
signal wave via fast displacement of a piezo-mounted
mirror. A new pulse develops with the same buildup
and decay rates, but with an obviously higher peak
intensity as compared with the first peak. If the
phase shift � is introduced after the steady-state is
reached again, the next pulse is identical to the pre-
vious. The pulse sequence shown in Fig. 1 is regis-
tered for a grating spacing �=0.9 �m. The initial
peak amplitude shown in Fig. 1 arises from the opti-
cally excited diffusion grating alone. The subsequent
peaks are greater in amplitude because they include
additional coupling from the second grating, which

Fig. 1. Temporal dependence of the output signal intensity
normalized to the signal intensity with no pump wave. At
t=75 s and t=150 s the phase of the input signal wave is

changed to �.

2007 Optical Society of America
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arises from space-charge-field-induced drift and seg-
regation of optically inactive moveable carriers.

In the next experiment a periodic phase alterna-
tion 0-�-0-�-0- is introduced into the input signal
wave, and the transient gain factor �tr

= �1/ � �ln�Imax/Iin� is measured as a function of the
phase modulation frequency �. Here Imax and Iin are
the peak pulse intensity and the cw output signal
wave intensity with the pump wave switched off, re-
spectively. The measured dependence for �tr��� for
�=0.9 �m is shown in Fig. 2. For comparison, we
show the frequency dependence of the steady-state
gain factor �ss= �1/ � �ln�Iout/Iin� for nearly degenerate
two-beam coupling measured for our sample as de-
scribed in Ref. [3]. Here Iout is the output intensity of
the amplified signal wave, and Iin is still the trans-
mitted signal wave intensity with the pump wave
switched off. The frequency detuning is introduced
with the help of the same piezo-mounted mirror, via
sawtooth modulation of the signal wave phase. The
amplitude of this phase modulation is set to be 2�;
the frequency detuning in this case is equal to the
sawtooth modulation frequency.

It is obvious that at large modulation frequencies
���1 Hz� the two dependences practically coincide.
At small modulation frequencies they differ both
quantitatively and qualitatively: while the steady-
state gain factor �ss drops to quite a low level with
decreasing �, the transient gain factor �tr, in con-
trast, increases and saturates at a level that can
never be reached by the steady-state gain. We at-
tribute this enhancement to the transient in-phase
superposition of two space-charge gratings formed by
movable charge carriers of different signs.

Qualitatively the dynamics of beam coupling with
deep phase modulation can be described as follows.
When a virgin sample is illuminated by two record-
ing waves, the fast grating develops within several
milliseconds. Being � /2 shifted in phase with respect
to the fringes, this grating ensures unidirectional
beam coupling, and the weak signal beam gains in-
tensity at the expense of the strong pump wave [2].

The carriers responsible for the fast grating forma-
tion are photoexcited holes [5]. In addition, a certain
number of optically inactive movable charge carriers
of another type exist in nominally pure Sn2P2S6 crys-

Fig. 2. Modulation frequency dependence of the transient
gain factor (open circles) for periodic 0-�-0-�-0-�- phase
modulation and the steady-state gain factor (gray squares)

for sawtooth phase modulation.

2

tals. These carriers move in a space-charge field of
the fast grating to form the compensating out-of-
phase grating. The buildup time of this grating is
much longer than the buildup of the fast grating; this
explains the slow decrease of the signal wave inten-
sity after the transient peak.

Let us now consider the effect of phase modulation.
If after steady-state is reached the phase difference
of the interacting waves is changed to �, the contrast
of the light fringes in the crystal is reversed (fringes
are moved laterally to half of the fringe spacing). The
fast component of the grating is no longer matched to
the new position of the fringes; therefore it decays to
zero and reappears shifted by � with respect to its
initial position.

All these changes take place within several tens of
milliseconds; during this time the slow grating does
not change in amplitude or position. In such a way
the new recorded fast grating appears to be in phase
with the slow grating that remains from the previous
pulse. This situation is, however, not equilibrium: the
thermally generated carriers start to move to com-
pensate for the newly developed space-charge field.
At first they destroy the in-phase slow grating and
then build a new one that is out of phase with the
fast grating. Thus the conventional steady-state with
small differential gain is reestablished. The next
abrupt � change of the phase difference triggers ex-
actly the same sequence of events: quick erasure of
the out-of-phase fast grating, quick recording of the
new in-phase fast grating, slow erasure of the in-
phase slow grating, and slow buildup of the out-of-
phase slow grating until saturation is reached or un-
til the next abrupt � change of the phase difference.
For periodic �–zero phase modulation this process oc-
curs repeatedly.

The largest transient gain is achieved if the inter-
val between two consecutive variations of phase T is
longer than the buildup time of the slow grating �s (or
the modulation frequency is smaller than the slow
grating decay rate, ��1/�s�. If the period T becomes
much smaller than �s, the slow grating does not de-
velop, and no gain enhancement is observed (Fig. 2).
The measured transient gain is ensured by the fast
grating only. For T comparable with the buildup time
of the fast grating, even the fast grating does not de-
velop in full; therefore the transient gain decreases
with increasing modulation frequency.

We experimentally show and qualitatively explain
the enhancement of the transient gain factor at low
modulation frequencies. A question may arise about
the origin of such an enhancement. In photorefrac-
tive crystals the ultimate gain factor is limited by the
electro-optic properties of the crystal and the built-in
space-charge field (see, e.g., Ref. [1]). In turn, for
diffusion-driven recording, the space-charge field Esc
cannot be larger than the diffusion field, ED
=kbTK /e. If with only one fast grating Esc reaches its
upper limit imposed by the diffusion field, by no
means is it possible to increase it further, regardless
of the number of different types of carrier involved in
the grating formation. This restriction does not apply,

however, in the case of a trap-density-limited space-
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charge field, which is typical for Sn2P2S6. In the case
of trap density limitation for the fast grating, the in-
phase addition of the slow grating may and should
enhance the overall space-charge field and increase
the gain factor.

In Fig. 3 we plot the grating spacing dependence of
the gain factor for the fast grating in our Sn2P2S6
sample. As one can see, the gain factor has a well-
defined maximum near �=1.5 �m, thus proving seri-
ous trap density limitations for gratings with �
smaller than this value. It should be noted that all
measurements described above are done at �
=0.9 �m, i.e., in the domain with pronounced space-
charge limitation.

To prove that the space-charge limitation is a nec-
essary condition to achieve the enhancement of gain,
we perform the measurements of beam coupling dy-
namics similar to that shown in Fig. 1 at �=8 �m.
No gain enhancement is observed within the experi-
mental accuracy, in accordance with our expecta-
tions. Thus we conclude that the proposed technique
is efficient for the interaction of two beams that pro-
duce photorefractive gratings with high spatial fre-
quencies, including the interaction of counterpropa-
gating waves.

The intuitive explanation presented above might
suggest roughly an enhancement of the gain factor by
two times when the initially out-of-phase gratings
overlap in phase. In the experiment we observe, how-
ever, only 33% enhancement. The reason might be in
the difference of the effective trap densities for differ-
ent charge species. The quantitative description of
this effect will be done within the standard models

Fig. 3. Grating spacing dependence of the fast grating
gain factor (circles). Best fit of calculated dependence with
the space-charge limitation taken into account (solid
curve). Expected dependence for infinite effective trap den-
sity (dashed line).
3

for crystals with two types of charge species (as in
Ref. [6]) appropriately adapted for Sn2P2S6 [7].

The results obtained are also direct proof of the
model that explains the nontrivial temporal dynam-
ics of a Sn2P2S6-based coherent oscillator in a semi-
linear cavity [8]. This oscillator generates periodic se-
quences of nearly triangular pulses with a
spontaneous (not imposed from outside) phase
change to � for every newly generated pulse with re-
spect to the previous one. The advantage of such an
operation mode, as compared with cw oscillation at a
shifted frequency, is simply related to the higher re-
ported transient gain compared with the maximum
achievable steady-state gain.

One possible application of the considered tech-
nique consists of the transformation of a cw input
wave into a sequence of pulses with a peak intensity
much higher than the intensity of the input wave.
Depending on how the phase difference is introduced
(the phase of either wave can be modulated), the
phase of all pulses in sequence is the same or may
change alternatively between two discrete values
that differ by �.
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A. Grabar and I. Stojka for the Sn2P2S6 sample and
to G. Cook for helpful discussions.

References

1. L. Solymar, D. J. Webb, and A. Grunnet-Jepsen, The
Physics and Applications of Photorefractive Materials
(Clarendon, 1996).

2. A. Grabar, Yu. Vysochanskii, A. Shumelyuk, M.
Jazbinšek, G. Montemezzani, and P. Günter, in
Photorefractive Materials and Their Applications, P.
Günter and J.-P. Huignard, eds. (Springer, 2007), Vol.
2.

3. S. Odoulov, A. Shumelyuk, G. Brost, and K. Magde,
Appl. Phys. Lett. 69, 3665 (1996).

4. G. Picoli, P. Gravey, and C. Ozkul, Opt. Lett. 14, 1362
(1989).

5. I. Seres, S. Stepanov, S. Mansurova, and A. Grabar, J.
Opt. Soc. Am. B 17, 1986 (2000).

6. G. Montemezzani, M. Zgonik, and P. Günter, J. Opt.
Soc. Am. B 10, 171 (1993).

7. B. Sturman, P. Mathey, H. Jauslin, A. Shumelyuk, and
S. Odoulov, J. Opt. Soc. Am. B 24, 1303 (2007).

8. A. Shumelyuk, A. Hryhorashchuk, and S. Odoulov,
Phys. Rev. A 72, 023819 (2005).



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket true
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Impact
    /LucidaConsole
    /Tahoma
    /Tahoma-Bold
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents suitable for reliable viewing and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


